closely resembles the prfB event, since during the translational pause, a peptidyl-tRNA Leu bound immediately upstream of the pause codon slips ϩ1 on the mRNA (Belcourt and Farabaugh, 1990). However, Ty3 frameshifting occurs by a then unexpected mechanism; during the translational pause, a peptidyl-tRNA Ala stimulates out-of-frame binding of tRNA Val IAC without itself slipping on the mRNA (Farabaugh et al., 1993) .
In an effort to understand in detail the molecular mechanism underlying programmed ϩ1 frameshifting in S. cerevisiae, we cataloged all of the codons that could promote the shift when placed in the ribosomal P site of the Ty3 frameshift site (Vimaladithan and Farabaugh, 1994). Somewhat surprisingly, we found that a total of 11 the genome. Significantly, these four codons each can weakens its pairing with AGG (Yokoyama et al., 1985) . This induce efficient programmed ϩ1 frameshifting. The lack situation resembles the strong stimulation of Ϫ1 proof the predicted cognate tRNA implies that they are grammed frameshifting at a site in the dnaX gene of E. coli read by isoacceptors using a less than optimal wobble caused by tRNA Lys UUU , which has 5-methylaminomethyl-2-interaction, that is, a near-cognate tRNA. Is it possible thiouridine (mnm 5 s 2 U) at the wobble position (Tsuchithat the mere fact of their obligate near-cognate decodhashi and Brown, 1992). In both cases, wobble modificaing disposes them to induce frameshifting? Each of the tion weakens binding to the codon in the frameshift site other frameshift-inducing codons are recognized by and stimulates tRNA slippage. Given the ability of nearlow-abundance tRNAs suggesting that highly abundant cognate decoding to stimulate ϩ1 frameshifting, we near-cognate tRNAs might be able to compete to dewondered whether this was a general phenomenon; that code them as well and induce frameshifting. is, does frameshifting induced by other codons in the If obligate near-cognate decoding induces frameshift-P site depend on near-cognate decoding? The evidence ing, then overexpressing a synthetic cognate tRNA for presented here shows that in all cases ϩ1 frameshifting each of the four codons lacking one should reduce their occurs in S. cerevisiae because a near-cognate peptiability to stimulate frameshifting. Cognate tRNA genes dyl-tRNA occupies the ribosomal P site during the transwere made by altering the anticodons of genes encoding lational pause. We will discuss how such noncanonical existing isoacceptors (using oligonucleotides shown in decoding induces efficient frameshift errors and de- Table 5 as described in the Experimental Procedures). scribe how this effect is related to a recently proposed Each synthetic tRNA gene was cloned onto an expresmodel of frameshift suppression by mutant tRNAs (Qian sion plasmid carrying either of two lacZ reporter gene et al., 1998). fusions ( Figure 1) . The first carries a lacZ reporter gene fusion, which expresses ␤-galactosidase via frameshiftResults ing at a programmed site with the synthetic tRNA's cognate codon as the P site codon (the codon occupied by Some Frameshift-Stimulating Codons Lack Expected peptidyl-tRNA when the frameshift occurs). The second Cognate tRNAs is an in-frame reporter construct in which translation We showed that 11 of the 64 codons can stimulate continues into lacZ without the need for frameshifting. frameshifting when they occur immediately preceding
The apparent frameshift efficiency is calculated as the a pause-inducing codon (Vimaladithan and Farabaugh, ratio of expression from the frameshift expression plas-1994), but why do they stimulate the shift? The yeast mid to the in-frame control, assumed to allow 100% genome sequence suggests a possible explanation. Inreadthrough into lacZ. The effect of the synthetic cogdependent searches of the S. cerevisiae genome senate was determined by comparing frameshift efficiency quence determined that the genome encodes 274 tRNA with and without the synthetic tRNA gene. To maximize genes encoding 41 distinct elongator tRNAs and initiator our ability to see the effect of expressing the cognate tRNA Met (el-Mabrouk and Lisacek, 1996; Percudani et al., tRNAs for each frameshift-inducing codon, these experi-1997). Based on the tRNAs that were known before ments were done in a strain that maximally induces completion of the genome sequence, Guthrie and Abelframeshifting, KK240. This strain lacks tRNA Arg CCU , the cogson (1982) had predicted that there would be 45 elongator species but genes encoding cognate tRNAs for four nate tRNA for the pause-inducing AGG codon in the Table 3 (line 3), but increasing the availability of tRNA Pro UGG stimutor were created in congenic strains of opposite mating type. Among the meiotic progeny produced from diplated frameshifting about 3-to 4-fold at either CCC or CCU (Table 3 , lines 1 and 2). The same overexpression loids formed from two such strains were strains lacking both genes. Such doubly deleted strains could be identihad the opposite effect on the cognate codon for tRNA Pro UGG , CCA, reducing its already very low frameshiftfied in meiotic tetrads in which resistance to G-418 segregated in a 2:2 fashion.
ing efficiency 2-fold, from 1.0% to 0.6%. These data are consistent with the idea that near-cognate tRNA interact successfully in the shifted frame to promote slippage (i.e., Curran, 1993). The necessity of near-cogefficiency. Thus, when the frameshift takes place, the peptidyl-tRNA has already been selected, so the rate of nate decoding in yeast in ϩ1 frameshifting suggests that where cognates are used, for example in Ϫ1 frameits recognition in the previous cycle could not be directly relevant. A model invoking an effect of rate of recognishifting in yeast and other systems (reviewed in Farabaugh, 1996), other aspects of the frameshift site must tion would require the ribosome to "remember" the duration of the previous step in elongation, and we cannot overcome the barrier to slippage imposed by cognate decoding. envision such a model. If we exclude that slow recognition of the last zero frame codon is the reason for inSecond, frameshifting can result when an abnormal codon-anticodon peptidyl-tRNA interaction deforms creased frameshifting, it must be the abnormal nature of the codon-anticodon interaction that induces framethe structure of the tRNA-mRNA complex in the P site and interferes with proper recognition by cognate shifting.
Our previous work identified two types of frameshift, aminoacyl-tRNAs in the A site. In this case, frameshifting occurs when the ribosome erroneously accepts an one in which peptidyl-tRNA slips ϩ1 during a translational pause caused by poor recognition of the next out-of-frame cognate aminoacyl-tRNA. In two such cases, a purine-purine wobble pair induces frameshiftin-frame codon (Belcourt and Farabaugh, 1990) and a second in which frameshifting occurs without slippage ing (tRNA (Figure 2A) and each of the mechanisms of frameshifting,  et al., 1992) . This suggests that normal Watson/Crick slippage-dependent ( Figure 2B ) and nonslippage frame-(we have no direct evidence to support this point) (step 2), though we think that most would still be accepted shifting ( Figure 2C) . As an example of normal decoding, Figure 2A cartoons the events occurring on a non-(step 3). In the competing reaction, the abundant ϩ1 frame cognate ternary complex rapidly enters the A frameshifting site, CUA-AGA-C. With a cognate peptidyl-tRNA in the P site, an abundant aminoacyl-tRNA in site (step 4) but is still mostly rejected (step 5). The weak codon-anticodon interaction of the peptidyl-tRNA complex with eEF-1A and GTP enters the A site (step 1). The complex rarely dissociates (step 2) but, rather, allows it to sometimes slip ϩ1 (step 6), leading to acceptance of the tRNA in the ϩ1 frame, which causes the is accepted when eEF-1A-GDP dissociates from the ribosome (step 3). In a competing reaction, a cognate frameshift. Slippage is cartooned as occurring while the ϩ1 frame ternary complex transiently occupies the A tRNA for the ϩ1 shifted codon enters the A site (step 4) but is virtually always rejected (step 5). Slippagesite, or perhaps the T site at which ternary complex initially docks with the ribosome (Wilson and Noller, dependent frameshifting occurs when a near-cognate tRNA occupies the P site (shown with peptidyl-1998), as previously suggested by Pande et al. (1995) , though this mechanism remains hypothetical. NonsliptRNA Leu UAG decoding CUU). The low abundance of the ternary complex cognate for the A site codon causes it to page frameshifting is very similar to slippage-dependent frameshifting except in step 6. Figure 2C cartoons the be slowly recognized ( Figure 2B, step 1) . A poor codonanticodon interaction in the P site may cause the cogeffect of the purine-purine clash of tRNA Ala IGC on GCG. This clash we hypothesize stabilizes the out-of-frame nate aminoacyl-tRNA to be rejected more than normal cognate ternary complex, increasing the probability that Probably, these effects result from inappropriate nearcognate recognition followed by peptidyl-tRNA slippage the ribosome would accept it ( Figure 2C, step 6) .
The proposed frameshift mechanisms strongly resem-(Qian and Bjö rk, 1997a, 1997b). Perhaps the translational apparatus evolved to its current structure driven more ble a new mechanism of frameshift suppression by mutant tRNAs (Qian et al., 1998) proposed to replace the by the need to limit frameshifting resulting from weak codon-anticodon interactions than from any other cause. long-standing quadruplet translocation model (reviewed by Roth, 1981) (Table 5) 
